We have studied the connection between structure and magnetism of Fe/Cr superlattices as a function of sputtering pressure. To measure the perpendicular giant magnetoresistance, we have fabricated microstructured Fe/Cr pillars embedded in SiO 2 and interconnected with Nb electrodes. Because of the uniform current distribution in the Nb electrodes and the minimization of the superlattice-electrode contact resistance, the method allows a simple and independent measurement of the perpendicular superlattice resistance and giant magnetoresistance. A detailed quantitative structural analysis by x-ray diffraction, transmission electron microscopy, and high spatial resolution electron-energy-loss spectroscopy imaging, was correlated with magnetization and anisotropic magnetotransport properties. Structural characterization of ͓Fe͑3 nm͒/Cr͑1.3 nm͔͒ 20 superlattices indicate that the roughness increases monotonically with pressure. The current perpendicular to the plane giant magnetoresistance was also found to increase with pressure. This is interpreted as arising from an enhanced spin-dependent scattering.
I. INTRODUCTION
Since the discovery of giant magnetoresistance ͑GMR͒ in magnetic superlattices, 1 much interesting experimental and theoretical work has been done to understand this phenomenon. The GMR depends on several physical properties: the magnetic structure ͑via the interlayer exchange coupling͒, the spin-dependent electronic band structure and the spindependent electron scattering. [2] [3] [4] [5] Both the magnetic coupling and the spin-dependent scattering are influenced by the superlattices microstructure. The antiferromagnetic magnetization alignment at zero field depends on interlayer coupling and superlattices imperfections like spacer thickness fluctuations ͑that leads to local changes of the coupling͒ and magnetic pinholes ͑that leads to ferromagnetic alignment of parts of the sample͒. Finally, because the spin-dependent scattering occurs at impurities inside the magnetic layers and at the interfaces, changes of superlattice microstructure ͑via interfacial roughness, interdiffusion, or pinholes density͒ will affect both bulk and interface properties and as a consequence, the GMR. Although most of the theoretical and experimental work underscores the importance of interfacial roughness on the GMR magnitude, contradictory experiments have been reported on the effect of interfacial roughness on the current in plane 6, 8 ͑CIP͒ and current perpendicular to the plane 9 ͑CPP͒ GMR. Hence, a detailed structural and magnetic characterization is critical to further understand the origin of the GMR.
We have characterized quantitatively interfacial disorder in Fe/Cr superlattices tuned by varying the sputtering pressure ͑P͒, using two complementary techniques: low-angle x-ray diffraction ͑LAXRD͒, and energy-filtered imaging on cross-section samples in an analytical TEM. The superlattice microstructure was then correlated with their magnetization and current perpendicular to the plane ͑CPP͒ GMR. LAXRD and electron-energy-loss spectroscopy ͑EELS͒ analysis of ͓Fe͑3 nm͒/Cr͑1.3 nm͔͒ 20 sputter-deposited at Ar pressure ͑P͒ varying from 4 to 10 mTorr provide evidence that the roughness is correlated, cumulative ͑through the superlattice stack͒ and increases with P. The CPP GMR is also found to increase with P.
II. EXPERIMENTAL DESCRIPTION
Fe/Cr ͑110͒ superlattices have been grown by dc magnetron sputtering on Si͑100͒ substrates at room temperature. A 130 nm thick Nb buffer layer was deposited prior to the superlattice deposition for transport measurements purposes. The superlattices structure was thoroughly characterized by low angle x-ray diffraction using a Rigaku rotating anode diffractometer with Cu K␣ radiation. The specular spectra were fitted with the SUPREX refinement program 10 to estimate the interfacial roughness.
A quantitative structural analysis of the superlattices has been achieved with TEM and high spatial resolution EELS in the cross-sectional geometry taking advantage of the energy filtered imaging technique. 11 Analytical electron microscopy investigations were carried out using a Philips CM20-FEG TEM equipped with a Gatan Imaging Filter, capable of obtaining both electron-energy-loss spectra and energy-filtered images in real time.
Magnetotransport measurements in the CPP geometry are not easily achievable because of the small perpendicular resistance 12, 13 of the superlattices, although they allow the deconvolution of the electron scattering occurring in the ferromagnetic bulk from those occurring at the interfaces. [14] [15] [16] The experimental setup to measure the CPP GMR in Fe/Cr superlattices using microfabrication techniques is detailed elsewhere. 17 Essentially it consists of fabricating Fe/Cr superlattices which are then processed into 30ϫ30 m 2 pillars which are isolated electrically by SiO 2 and interconnected in 17 while the resistance of our samples is typically more than one order of magnitude bigger. Therefore, because the contact resistance is negligible compared to the actual sample's resistance, no adjustments or corrections have to be done to the measured resistance. The calculated area times contact resistance 2AR Nb multilayer ͑where A is the pillars area͒ is smaller than 3 f⍀m 2 . dc and ac perpendicular magnetotransport measurements were performed in a helium cryostat equipped with a superconducting solenoid. The measurement temperature is 2.0 Ϯ0.05 K and the applied field is always parallel to the substrate plane. Figure 1 presents the low angle specular x-ray diffraction ͑LAXRD͒ spectra taken on a series of superlattices ͓Fe͑3 nm͒/Cr͑1.3 nm͔͒ 20 grown on top of a 130 nm thick Nb buffer layer with sputtering pressures varying between 4 to 10 mTorr.
III. RESULTS AND DISCUSSION
With the exception of the sample grown at 10 mTorr, all specular spectra exhibit the first superlattice peak and finite size oscillations due to the buffer layer thickness. As P increases, the superlattice Bragg peak broadens and its intensity decreases until it disappears at high pressure, which indicates that the roughness increases with P. 6, 10 Note that although the superlattice peak disappears, the overall intensity profile is strongly influenced by the interfacial roughness and will provide structural information.
The surface roughness of sputtered films has been found theoretically and experimentally to scale as a power law of the film thickness t ␣ where ␣ depends on the dynamics of the growth process. 18, 19 In superlattices, this type of roughness has been generally modeled as cumulative fluctuations in the layer thickness 10, 20, 21 or increases in the interface width with increased superlattice thickness. 21 Our structural model assumes a roughness that increases cumulatively with the bilayer index ͑M͒ according to a power law ϭ a M ␣ where a is the roughness of the first bilayer, and ␣ an exponent describing the evolution of the roughness. 10 The lines in Fig.   1 are the fit to the data obtained with the SUPREX refinement program. 10 The final values of the fitting parameters were checked to ensure they produce minima in the 2 confidence factor of the fit. The validity of the cumulative roughness model has been established earlier ͑using x rays and EELS analysis͒ for sputtered Fe/Cr superlattices while studying the interfacial roughness as a function of bilayers index. 17 The superlattice modulation length ⌳ϭt͑Fe͒ϩt͑Cr͒ ͑where t is the layer thickness͒, extracted from the fit is in good agreement ͑within 10%͒ with nominal values derived from deposition rates. The roughness parameters a and ␣ were extracted from the fits. Figures 2͑a͒ and 2͑b͒ show their evolution with sputtering pressure. Note a significant increase of a with P. A better way to characterize the roughness evolution is to estimate the average superlattice roughness defined by av ϭ ͚ M ϭ1 N M /N ͑where M is the bilayer index and N the number of bilayers͒. As shown in Fig. 2͑c͒ , av increases monotonically with sputtering pressure. This is consistent with the increase of roughness reported with P for Fe/Cr superlattices grown directly on Si substrates. 6 It should also be stressed that the presence of the Nb buffer layer introduces some additional roughness. A series of superlattices ͓Fe͑3 nm͒/Cr͑1.2 nm͔͒ 20 was grown on top of Nb buffer layers with thicknesses varying from 0 to 100 nm. Refinement of the low-angle x-ray spectra taken on that series shows a monotonic increase of the roughness parameter a and av with the buffer layer thickness.
Quantitative structural analysis of the superlattices has also been obtained with TEM and high spatial resolution energy-filtered imaging in the cross-sectional geometry. Due to the low contrast in scattering power and similar lattice parameters between Fe and Cr, brightfield TEM pictures taken on these samples show only limited diffraction contrast running along the growth direction indicating a columnar growth of the superlattices. On the other hand, EELS pictures showed an enhanced contrast. Cr maps using the L 3,2 edge (2p-3d transitions, following dipole selection rules͒ of two ͓Fe͑3 nm͒/Cr͑1.3 nm͔͒ 20 superlattices grown on Nb at 4 and 10 mTorr are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. Note that the roughness is significantly higher for the sample grown at 10 mTorr and that the roughness is highly correlated. Element ͑both Cr and Fe͒ intensity profiles were taken on the same samples along a section perpendicular to the substrate plane with an integration width of 2.7 nm. These profiles were taken every 1.35 nm, along a 100 to 120 nm lateral length ͑along the multilayer surface͒. For each Cr ͑Fe͒ profile, the position of the maximum EELS intensity was determined. For each bilayer, the roughness is defined as the standard deviation of the Cr intensity maximum over a 100 to 120 nm lateral length. Figure 4 shows the quantitative roughness as a function of bilayer index for the two superlattices. The lines are fits to the cumulative roughness model (ϭ a M ␣ ) used to extract the roughness parameters from the LAXRD specular spectra. The first observation is that the roughness increases cumulatively with the bilayer index in both samples as already established for superlattices grown at 5 mTorr. 17 Secondly, not only the roughness of the first layer a increases with P but the roughness progresses much faster at high pressure. The average roughness av ϭ ͚ M ϭ1 N M /N and superlattice modulation length ⌳ϭt͑Fe͒ϩt͑Cr͒ were extracted for a series of samples sputtered at Pϭ4, 6, 8, and 10 mTorr, by measuring the standard deviation of the Cr intensity maxima and the distance between Cr maxima respectively for each individual bilayer. Statistical histograms were plotted and fitted to Gaussian curves to extract the ⌳ fluctuations. The bilayer thickness fluctuations given by half the FWHM of the Gaussian curves are shown in Fig. 5 together with the average roughness av of the superlattice. Figure 5 shows that both the average roughness and the bilayer thickness fluctuations increase with pressure. Therefore, quantitative EELS analysis confirms the av increase with P found from the refinement of the LAXRD spectra.
Magnetization measurements were performed with a SQUID magnetometer at 10 K. Figure 6 presents the dependence of the remnant magnetization (M R ) normalized to the saturation magnetization (M S ) of ͓Fe͑3 nm͒/Cr͑1.3 nm͔͒ 20 as a function of P. This quantity gives an estimate of the sample fraction which is not antiferromagnetically aligned at zero field. A small increase of M R /M S is observed with increasing P over the 4 to 12 mTorr range. The increase of M R /M S can be due to an increased density of ferromagnetic shorts ͑due to pinholes͒ between Fe layers, or to Cr thickness fluctuations that can locally change the coupling. Note that the latter would be consistent with the increase of bilayer thickness fluctuations with P as shown by EELS.
A series of ͓Fe͑3 nm͒/Cr͑1.3 nm͔͒ 20 superlattices grown at various sputtering pressures was measured in the CPP configuration. The Nb electrodes exhibit a superconducting critical temperature (T C ) of 7.5 K, which is depressed due to degradation during the patterning and the proximity to Fe layers. 22 Below T C , the 100 pillars in series provide a total resistance in the m⍀ range, which can be measured with conventional techniques. The ''saturation'' field ͑where ferromagnetic alignment is achieved͒ is always smaller than the upper critical field of our Nb thin films at 2 K ͑1.2 T for a 100 nm thick Nb film͒. It has been shown previously that the contact resistance superlattice-Nb is small compared with the measured superlattice resistance. 17 The uniform current distribution in the superconducting Nb electrodes and the small superlattice-electrode contact resistance assure that the measured resistance is intrinsic. Figure 7 presents the CPP GMR ratio ͓defined as (R AP ϪR P )/R P ͔ and the perpendicular resistivities AP and P of ͓Fe͑3 nm͒/Cr͑1.3 nm͔͒ 20 for the two magnetic configurations ͑antiparallel and parallel alignment͒. Both the GMR ratio and the resistivities increase with P. The GMR increase is due to a faster increase of AP compared to P . Because the increase of pressure decreases the deposition rate at constant power and changes the surface mobility on the substrate, an increase of resistivity of the same order is expected for AP and P due to the increased concentration of defects and impurities. This is contrary to what is observed, as AP increases faster than P .
Note that a loss of antiferromagnetic coupling ͑due to enhanced contribution of ferromagnetic shorts or Cr thickness fluctuations͒ is often expected with increasing roughness 6, 7 and should decrease the GMR. Figure 6 provides evidence of a small loss of magnetic coupling with pressure-induced roughness. Therefore a decrease of GMR is expected with P contrary to what is observed. It should be noted at this stage that our values of M R /M S , which reflect the strength of the antiferromagnetic alignment between F layers, are somewhat higher than those reported for systems with higher GMR values ͑e.g., Ref. 13͒. This would seem consistent with the fact that perfect antiferromagnetic alignment would lead to the maximum GMR values. We therefore note that the specific behavior of the roughness dependence of the GMR may be different in samples with very different tendency to antiferromagnetic alignments.
The enhancement of CPP GMR is the result of a competition between an increase of GMR ͑due to roughness͒ and a decrease of GMR ͑due to the small loss of coupling͒, the GMR increase being large enough to compensate the effects due to the loss of coupling.
It has been shown theoretically 4 that the CIP GMR of epitaxial Fe/Cr superlattices increases when the step density at the interfaces increases ͑in the form of a decreased roughness lateral coherence length͒ or when the step height ͑ver-tical roughness͒ increases. On the other hand, both an increase and decrease of CIP GMR have been reported for polycrystalline Fe/Cr superlattices with roughness induced via annealing, changes of substrate temperature or sputtering pressure. [6] [7] [8] A GMR enhancement can be attributed to an increased spin-dependent scattering, a decreased spinindependent scattering or a combination of both. Similarly, a GMR reduction can be due to a decreased spin-dependent scattering, an increased spin-independent scattering or both.
The GMR effect can be explained qualitatively and quantitatively by taking into account a spin asymmetry of the parameters describing the transport properties of the two spin channels, up ͑↑͒ and down ͑↓͒ for electronic conduction. 14, 15 The CPP geometry permits a quantitative analysis of the GMR in terms of interface resistance R F/N ↑(↓)ϭ2R F/N * "1 Ϫ(ϩ)␥… and bulk resistivities of the ferromagnetic layers F ↑(↓)ϭ2 F *(1Ϫ(ϩ)␤) and of the nonmagnetic layers N ↑(↓)ϭ2 N * . ␤ and ␥ are the spin asymmetry coefficients from bulk and interface scattering respectively, R F/N * is the spin averaged interface resistance, F * and N * are the spin averaged resistivities for the ferromagnetic and nonmagnetic metal, respectively. In the limit where the layer thicknesses are smaller than the spin diffusion lengths in both metals, a series resistor model has been theoretically proposed. 15 This was extensively used ͑see Refs. 9, 16 and references within͒ to extract spin asymmetry coefficients and interface and bulk resistivities from CPP data in various systems. Using the Valet and Fert notations, R AP and R P can be written as follows: where A is the pillar area, N the number of bilayers, R Nb/F the Nb/Fe interface resistance, and t N and t F are the thickness of the nonmagnetic and ferromagnetic layer, respectively. Note that the NϪ1 prefix accounts for the last Cr layer which is superconducting due to proximity to the Nb electrode.
Equation ͑2͒ illustrates the spin dependent contribution to the electronic transport and can be rewritten using the spin dependent interface resistance and bulk resistivity definitions:
ͪ .
͑3͒
As shown in Fig. 7 , both ⌬R and R AP increase with pressure. Note that an increase or decrease in spin-independent scattering due to enhanced disorder would affect equally both spin channels and would not affect the right-hand side of Eq. ͑3͒ contrary to what is observed. Therefore the increase of ⌬RϫR AP with P is clear indication of an increase of spin-dependent scattering and hence an enhancement of the spin asymmetry of the scattering. This increase is shown in Fig. 8 .
Note that to have a quantitative statement on the evolution of the spin asymmetry coefficients with pressure, an extensive and lengthy study must be done to extract all parameters for each pressure investigated.
IV. SUMMARY
We have developed a method to measure the perpendicular magnetotransport in metallic superlattices using microfabrication techniques. Because of the minimization of the contact resistance with the electrodes, high number of pillars in series, and the current uniformity in the structures, the method provides simple and direct independent access to the superlattice perpendicular resistance and magnetoresistance.
CPP GMR of ͓Fe͑3 nm͒/Cr͑1.3 nm͔͒ 20 superlattices was investigated and was found to increase with pressure-induced interfacial roughness. The CPP GMR increase is due to an increased spin-dependent scattering.
